Abstract: We report on the frequency doubling of femtosecond laser pulses at 1030 nm center wavelength generated from the fully diode-pumped laser system POLARIS. The newly generated pulses at a center wavelength of 515 nm have a pulse energy of 3 J with a pulse duration of 120 fs. On the basis of initially ultra-high contrast seed pulses we expect a temporal intensity contrast better 10 17 200 ps before the peak of the main pulse. We analyzed the temporal intensity contrast from milliseconds to femtoseconds with a dynamic range covering more than 20 orders of magnitude. The pulses were focussed with a f/2-focussing parabola resulting in a peak intensity exceeding 10 20 W/cm 2 . The peak power and intensity are to the best of our knowledge the highest values for 515 nm-laser-pulses achieved so far.
Introduction
In laser science a rapid progress in generating laser pulses with peak intensities exceeding 10 22 W/cm 2 could be witnessed over the past decades [1] . These laser pulses are used for a variety of applications, e.g., laser-driven electron [2, 3] or ion-acceleration [4] , the laser-based generation of x-rays [5] , high energy physics [6] or laser-based proton radiography [4, 7] . Most of these applications would strongly benefit or even ultimately require laser pulses with a well known temporal structure and a temporal intensity contrast as high as possible. Unfortunately the amplification of high power laser pulses in reality is always associated with the amplification of unwanted noise or pre-and post-pulses on different intensity-and time-scales [8] . Since these pre-and post-pulses significantly alter the experimental conditions a lot of effort is put into improving the temporal intensity contrast [9, 10] . Commonly used techniques within the laser systems are, e.g., saturable absorbers [11] , or OPCPA [12] , Double-CPA [13] including XPW [14] . The application of such techniques results in very high contrast laser pulses with temporal intensity contrast ratios of 10 12 or better [9, 10, 15] . Even those high contrast laser pulses are, however, not sufficient for some experimental applications, e.g., radiation pressure acceleration of ions [16] where a steep leading edge of the laser pulse is required for nm-scale thin targets. Further improvement of the temporal pulse quality is necessary and could be realized after the pulse compression, e.g., with plasma mirrors [17] , plasma shutters [18] or by generating the second harmonic [19] [20] [21] .
In this paper we present experimental results of the second harmonic generation (SHG) of 100-TW POLARIS [10] laser pulses centered at 1030 nm wavelength and 150 fs pulse duration. Using a 2 mm thin 160 mm-diameter potassium dihydrogen phosphate (KDP) type-I SHG-crystal we achieved a maximum pulse energy of 3 J with a pulse duration of 120 fs at 515 nm center wavelength. A detailed characterization of the newly generated laser pulses' temporal structure is presented from ms-to fs-timescales covering a dynamic range of more than 20 orders of magnitude for the focussed intensity. Due to the used wavelength separators for 1030 nm and 515 nm and the nonlinearity of the second harmonic generation, the laser pulses' temporal profile for the target interaction is shortened and contrast-enhanced. The results were obtained during a five-month experimental campaign starting at the end of 2014. In this experiment, ultra-thin targets (down to 5 nm) were used to study radiation pressure acceleration of protons with high intensity laser pulses.
Experimental Section
The experiments were carried out with the fully diode-pumped POLARIS laser system operational at the Helmholtz-Institute and the Institute of Optics and Quantum Electronics in Jena, Germany. A schematic overview of the laser architecture is shown in Figure 1a ). During the experiments the laser used a high-contrast XPW front end where the relative intensity of the amplified spontaneous emission (ASE) 200 ps before the peak of the main pulse was as low as 2 × 10 −13 with respect to the main pulse intensity. A detailed description of the XPW front end, which was used at an intensity of 9 × 10 11 W/cm 2 and was operated reaching an XPW-efficiency of 13%, can be found in [22] . Six amplifiers and a nanosecond stretcher-compressor system are used to amplify and compress the laser pulses where a detailed description can be found in [10] . Additionally to the results presented in [10] we installed a beam line from the last amplifier A5 to the existing pulse compressor [23] . Here, the pulses were compressed to a full width at half maximum (FWHM) pulse duration of t pulse = 143 fs assuming a Gaussian pulse shape. In Figure 1b ) the 2 nd -order autocorrelation measurement is shown which was performed with a home-made 2 nd -order autocorrelator, where the pulse is focused in one dimension into a BBO-crystal using a cylindrical lens. The inset in Figure 1b ) displays the spatially resolved autocorrelation signal. During the experiments we achieved a maximum pulse energy of E pulse = 20.3 J (measured before compression) and 14 J in the target chamber with a measured transmission efficiency of η = 69 % of the grating compressor. The near-field profile is displayed in Figure 1c ). The repetition rate f Rep was limited by the pump induced thermal load in the active media of the last two amplifiers and therefore set to f Rep = 0.025 Hz (f Rep = 0.1 Hz for A3, 0.5 Hz for A2.5 and 1 Hz for A1 and A2). Finally, the pulses were focussed in the target chamber with a f/2-focussing parabola (f = 300 mm). In Figure 1d ) an image of the focal spot is shown. The adaptive mirror was set to correct the static wavefront aberrations of the beamline and laser optics. In this measurement the wavefront was flattened with an adaptive optics system and the pulses were strongly attenuated in the laser chain. The area within which the intensity is larger than I max /2 is 8.5 µm 2 and contains 27 % of the pulse energy (q = 0.27). q gives the ratio of pulse energy which is contained within the area where the intensity is larger than I max /2 (A FWHM ) with respect to the total pulse energy. These pulses were used in the following experiments for the second harmonic generation.
SHG Setup
To increase the temporal contrast of the pulses a 160 mm-diameter, 2 mm-thick potassium dihydrogen phosphate crystal (KDP) was used to convert the 1030 nm wavelength pulses to 515 nm. A schematic setup of the experimental layout is depicted in Figure 2 . The incoming laser pulse is reflected to the KDP-crystal (Figure 2 4 ) by a turning mirror, where the leakage (Figure 2 3 ) is used with a far-field diagnostic to act a as a reference for the beam direction for the experiments. The KDP crystal which was manufactured by Gooch & Housego (Highland Heights, OH, USA) has a crystal-cut angle of 41
• for type-I phase matching. For optimal long-term and laser performance the input surface was solgel antireflection-coated for 1030 nm and the output surface for 515 nm and 1030 nm. The polarization of the fundamental pulses is parallel to the horizontal plane in the target chamber and the newly generated SHG-pulses are polarized vertically. In order to separate the fundamental pulses from the SHG pulses two high quality wavelength separators (Figure 2 5 ) were installed between the KDP-crystal and the focusing parabola. These wavelength separators are 250 mm diameter, 45
• angle of incidence turning mirrors with a high reflectivity (R > 99.9%) for the SHG-pulses at 515 nm and a low reflectivity (R < 0.1%) for the fundamental pulses at 1030 nm. Using two of these mirrors, which were manufactured by Layertec (Mellingen, Germany), the fundamental pulses could be attenuated by 6 orders of magnitude which was measured with an energy meter behind the focusing parabola. In front of the focusing parabola a 500 µm thin fused silica plate with an AR-coating (R < 0.75%) for the 515 nm pulses was used as a debris shield. Behind the second wavelength separator a f/2-focussing optic (Figure 2 7 ) was installed to measure the full energy 515 nm focal spot during the experiments utilizing the leakage. Furthermore, a quarter-wave plate could be installed in the beam line in order to change between circular and linear polarization in the experiments.
Results and Discussion
The crystal was prealigned in air for most efficient frequency conversion using the frontend A2-amplified pulses with a repetition rate of 1 Hz. With the far-field diagnostic and the adaptive optics system the collimation of the A2-pulses could be adapted to the fully amplified pulses. After this prealignment the target chamber was evacuated and the fully amplified pulses were used to adjust the crystal rotation with the aim of maximum output energy. It was found that the crystal rotation needed to be aligned with better than 1 mrad accuracy. In Figure 3a ) the dependence of the output energy on the input energy is shown. In this measurement we achieved a maximum pulse energy of 3.05 J for an input pulse energy of 11.8 J.
For this pulse, we measured a maximum fluence of 200 mJ/cm 2 in the fundamental pulse, which results in a conversion efficiency of η = 26%. Corresponding to the tuning curve in Figure 3a the efficiency was calculated and depicted in Figure 3b . The maximum conversion efficiency slightly above 30% was achieved for pulse energies betweeen 6 J and 8 J. Compared to work of other groups (e.g., Hillier et al. [21] , η = 75%) the efficiency we have measured is barely the half of such an optimal value. With an otherwise identical but small size (5 mm aperture) KDP crystal we measured the efficiency for the conversion of TEM 00 -spatial pulses resulting in a maximum efficiency of 38% at comparable intensities. To the best of our knowledge, the comparatively low conversion efficiency may be caused by effects of the cubic nonlinearity, which are explained in detail in [24] , and the limited phase matching due to the crystal thickness of 2 mm. Furthermore, imperfections in the crystal, deviations of the wavefront from ideal flatness, back conversion and the non-ideal spatial and temporal beam profile of the fully amplified laser pulses (ideal temporal and spatial profile for SHG would be a flat-top profile) are contributing. However, the moderate efficiency in our experiment is part of ongoing research and will likely be improved in the future. Measures for improvement will comprise a homogenization of the near-field profile of the IR-beam and a flattening of the IR-wave front. Currently the latter is optimized to generate a minimal focal spot in the IR, which is not necessarily equivalent to a flat IR-wavefront at the position of the frequency doubling crystal. Furthermore, tests with crystals of different thickness will be carried out.
In Figure 3c a typical spectral intensity distribution is shown for a full energy shot. The spectrum was measured with an integrating sphere and shows a FWHM spectral width of 4.5 nm around the center wavelength of 515 nm. To verify the pulse duration we built a single-shot 2 nd -order autocorrelator for 515 nm pulses. Since it was not possible to install the correlator in the experimental area we measured the pulse duration with the aforementioned identical small size KDP-sample. In these measurements we have observed that the frequency doubled pulse duration is a factor of √ 2 shortened with respect to the initial pulse duration. This fits well to theory and we assume a pulse duration below 120 fs for the high-energy frequency doubled pulses.
Furthermore, during the high-energy laser shots we have measured the focal spot of the frequency doubled pulses with a high-quality f/2-imaging system (Figure 2 7 ) . In Figure 3d the spatial distribution in the focal plane of the green laser pulses is shown. The calibration represents the size of the focal spot behind the main focussing parabola. The adaptive optics system was used to flatten the wavefront of the 1030 nm pulses. The area within which the intensity is larger than I max /2 (A FWHM ) is 7.1 µm 2 and contains 42 % of the pulse energy. Assuming a pulse energy of 3 J in a pulse duration of 120 fs leads to a peak intensity of 3 × 10 20 W/cm 2 which was applied to the targets.
Temporal Pulse Structure
In Figure 4 an overview of the temporal pulse structure of the SHG-pulses is shown in a log-log representation of focussed intensity vs. time. The starting point was a measurement carried out for the 1030 nm-pulses of POLARIS. We want to point out that the measurement method leading to Figure 4 is described in detail in [25] and the experimental data for the used 1030 nm laser pulses are published in section 6 of [10] . To estimate the on-target temporal intensity contrast we have to take two influences into account. Firstly the temporal contrast of the SHG-pulses and secondly the temporal contrast of the fundamental beam.
The black curve in Figure 4 displays the intensity of the SHG-pulses on a ps-timescale and was calculated by taking the square of a cross-correlation measurement (Sequoia, Amplitude) of the fundamental pulses. Due to the SHG, which is a 2 nd -order nonlinear process, the intensity of the newly generated signal is the square of the input and this conversion is acceptable. An identical conversion was made with a self-referenced spectral interferometer (SRSI, Wizzler, Fastlite) measurement and is shown in the blue curve. Note that the measurement with the Sequoia is taken in the near-field of the compressed pulse and since we are using a tiled-grating compressor some spectral components of the pulses are missing depending on the lateral position in the laser pulse. This may lead to a smaller relative intensity contrast for the laser pulse (and its leading edge) as compared to the contrast in the focal spot where the pulses are applied in experiments [10] . Summarizing this argument means that the temporal region ±1.5 ps around the main pulse is likely better represented by the SRSI-measurement. For the sake of completeness we note that the SHG signal of the POLARIS frontend and multipass ASE is far below the intensity range in Figure 4 . Using a collinear type-I phase matching SHG the fundamental beam co-propagates with the SHG-pulses and could only be attenuated stepwise. For the attenuation we used two wavelength separators (cf. Section 2.1) with a total extinction ratio of 1 × 10 −6 . Taking into account the pulse duration, the focal spot size and the energy loss of the fundamental beam during the SHG we calculated a peak intensity reduction of 1 × 10 −5 for the attenuated fundamental beam with respect to the focussed SHG-pulses. The attenuated fundamental beam is displayed in Figure 4 with three different curves. At first the multipass ASE (dark blue) starting on a ms-timescale before the main pulse with a relative intensity of ≈ 10 −22 , secondly the frontend ASE (ocher) starting some ns before the main pulse with an intensity level of some 10 −18 and finally the main pulse (red) measured with a third-order correlator (Sequoia, Amplitude). Note that the detection limit in the red curve is reached ≈100 ps before the main pulse and all three curves are normalized to the maximum peak intensity of the SHG-pulses. It is obvious in Figure 4 that on ms-and ns-timescales the ASE of the fundamental pulse determines the temporal intensity contrast to values better 10 −17 until the leading edge of the fundamental pulse and the SHG-pulse ≈100 ps before the main pulse plays the dominant role. Since, however, this 1030 nm leakage can be further suppressed, e.g., by using an additional dichroic mirror, it is not a fundamental intrinsic contrast limit for the SHG laser pulses.
Conclusions
In conclusion we have performed the frequency doubling of 100 TW POLARIS laser pulses with initially ultra-high temporal contrast. We have analyzed the temporal pulse structure in detail for several orders of magnitude in time and intensity. Using a large-aperture type-I KDP crystal we generated 25 TW laser pulses at a wavelength of 515 nm which were focussed to peak intensities exceeding 10 20 W/cm 2 .
With an efficiency of 26 % a maximum pulse energy of 3 J in 120 fs pulse duration could be demonstrated. Due to the initially ultra-high temporal contrast of POLARIS we expect a temporal intensity contrast 200 ps before the main pulse better 10 −17 . This is to the best of our knowledge the highest value reported for frequency doubled pulses. The presented setup was used in an experimental campaign for proton acceleration and could be used for future experiments which require ultra-high contrast laser pulses for plasma physics.
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